Introduction {#Sec1}
============

The uppermost layer of the epidermis, the stratum corneum (SC), comprises the main barrier function of the skin. To reduce the skin barrier function different in vivo models have been established. Commonly used laboratory techniques are removal of SC cell layers by sequential tape-stripping and wiping the SC surface with organic solvents such as acetone \[[@CR7], [@CR9], [@CR10], [@CR19]\]. Typically, these studies are combined with monitoring the skin barrier (recovery) by measuring the transepidermal water loss (TEWL). For more fundamental insights of the mechanism of the barrier perturbation, additional methods to TEWL measurements were applied: (1) analysis of the SC lipids to monitor the lipid extraction \[[@CR6], [@CR8]\], (2) fluorescence microscopy to visualize the remaining lipophilic regions in the SC \[[@CR8]\] and (3) electron microscopy with RuO~4~ post-fixation to visualize the lipid organization in the SC \[[@CR18]\].

Our general aim is to establish a reliable barrier disruption method to study the long-term effects on barrier recovery after topical application of pharmaceuticals. In a previous study, we thoroughly investigated different disruption levels by tape-stripping \[[@CR12]\]. In most cases a very fast recovery (i.e., 3 days), as monitored by TEWL, was observed. Only when the highest degree of barrier disruption was applied, in which the SC was completely removed, it took approximately 8 days to completely restore the skin barrier function \[[@CR12]\]. Aim of the present study was to evaluate the acetone-induced barrier disruption barrier repair. Barrier disruption and lipid extraction of hairless mouse skin was achieved by wiping with acetone-soaked swabs as described previously \[[@CR7], [@CR8], [@CR10], [@CR18]\]. After disruption, we examined the degree of skin barrier disruption (by TEWL), lipid composition (by high-performance thin-layer chromatography, HPTLC), lipid organization (by small-angle X-ray diffraction, SAXD) and the morphology (confocal laser scanning microscopy and light microscopy). As comparison, the morphological features and TEWL of tape-stripped skin were also explored.

Materials and methods {#Sec2}
=====================

Skin barrier disruption {#Sec3}
-----------------------

Male hairless mice (SKH1-hr, Charles River, St-Aubin-les-Elbeuf, France) were 7--9 weeks old and 28 ± 2 g in weight. All animal experiments had been approved by the Research Ethical Committee of Leiden University. Prior to skin barrier disruption, the back of the mice was carefully rinsed with water-soaked tissues. No changes in TEWL values were observed after washing. As shown in Table [1](#Tab1){ref-type="table"}, after approximately 11 min of acetone treatment with cotton swabs, during which one flank of the back was treated with approximately ten acetone wipes, a TEWL of \~60 g/m^2^/h was obtained. One wipe consisted of moving a delipidized, acetone-soaked cotton swab four times back and forth over the skin surface. The contralateral flank was left untreated. As reference for barrier disruption, sequential tape-stripping (black D-squame tape, Cuderm, Dallas, USA) in alternating direction of the stretched skin \[[@CR12], [@CR13]\] was performed until a TEWL of \~60 g/m^2^/h was reached (seven strips). The level of barrier disruption was assessed by measuring the TEWL using a Tewameter TM 210 (Courage & Khazaka, Cologne, Germany). Skin biopsies were taken directly after disruption from the sacrificed animals.Table 1Time protocol of acetone-induced skin barrier disruptionTime (min)TEWL (g/h/m^2^)09.43.59.85.513.5725.99.547.3\>11\>60The skin barrier is disrupted by means of acetone-soaked cotton swabs during various time periods. The barrier disruption is monitored by measuring the transepidermal water loss (TEWL)

Histology {#Sec4}
---------

Histological assessment was performed as described previously \[[@CR12], [@CR13]\]. In brief, 5 μm thick cryostat sections of the biopsies were stained with 1% safranin solution and subsequently treated with 2% KOH solution to expand the SC \[[@CR17]\]. Digital pictures of the light-microphotographs were captured using a Carl Zeiss axioskop (Jena, Germany) and the average of the SC layers was determined from 20 random locations of the cross-sections. Statistical differences between the groups (i.e., untreated, acetone-treated and tape-stripped) were determined by an one-way ANOVA with a Bonferroni post-test.

In order to visualize the lipid matrix of the cross-sections staining with Nile Red was performed. Prior to addition of a droplet Nile Red solution \[2.5 μg/ml (w/v) in acetone\] on the frozen sections \[[@CR8]\], the SC was expanded (see above) and visualized by confocal laser scanning microscopy on a Bio-Rad Radiance 2100 system with a Nikon Eclipse TE2000-U (Nikon, Japan) inverted microscope.

Analysis of lipid composition and organization {#Sec5}
----------------------------------------------

For lipid analysis, the epidermis of the biopsies (*n* = 4) was heat separated from the underlying tissue. In brief, the biopsies were sandwiched between two preheated cover slips with the SC side facing downward. After 2 min equilibration at 60°C, the epidermis was carefully peeled of by means of tweezers. Extraction of the lipids was performed sequentially by different mixtures of chloroform/methanol according to a modified protocol of Bligh and Dyer \[[@CR1]\]. Lipid composition was determined by HPTLC as described previously \[[@CR14]\].

In order to determine the lipid organization, SC sheets of the biopsies (*n* = 3) were obtained after overnight trypsin incubation \[[@CR16]\]. The SC sheets were then measured by SAXD at the European Synchrotron Radiation Facility in Grenoble, France. A more detailed description of the experimental set up has been given elsewhere \[[@CR2], [@CR16]\].

Results and discussion {#Sec6}
======================

Untreated hairless mouse skin exhibited a TEWL of 9.7 ± 1.5 g/h/m^2^ whereas the TEWL after acetone treatment was 65 ± 10 g/h/m^2^. In order to compare the two disruption methods, a similar barrier disruption was achieved by sequential tape-stripping (TEWL of 66 ± 3 g/h/m^2^). The TEWL measurements of the barrier recovery showed similar profiles for both disruption methods and complete recovery was observed 3 days post-disruption (not shown). The histological features of Nile Red stained cross-sections of the skin, obtained directly after disruption, are depicted in Fig. [1](#Fig1){ref-type="fig"} and compared to untreated skin. Untreated skin clearly showed the presence of the lipophilic dye between the alkali expanded corneocytes (Fig. [1](#Fig1){ref-type="fig"}a). Interestingly, a lower number of SC layers was discernable directly after acetone treatment. However, no changes in the pattern or intensity of the Nile Red staining were observed, indicating that no alteration in the lipid distribution within the SC occurred (Fig. [1](#Fig1){ref-type="fig"}b). The light microscopic observations confirmed the reduced amount of corneocyte layers after acetone treatment (Fig. [1](#Fig1){ref-type="fig"}e) compared to untreated (Fig. [1](#Fig1){ref-type="fig"}d). Tape-stripped skin (Fig. [1](#Fig1){ref-type="fig"}c, f) also exhibited a lower number of SC layers than untreated skin (Fig. [1](#Fig1){ref-type="fig"}a, d) while the lipid distribution was maintained. When quantifying the SC layers of both disruption methods, a similar trend was observed in the photomicrographs: a significant reduced number of SC layers between untreated and both disruption methods could be detected (Fig. [1](#Fig1){ref-type="fig"}g). This indicates that during the gentle acetone-wipe a significant amount of corneocytes was removed, which accounts for a substantial barrier perturbation. The cross-sections of tape-stripped skin showed the trend to a more pronounced reduction of the SC thickness compared to acetone treatment, however no significant difference between both treatments was determined.Fig. 1Different disruption methods cause abrasion of SC layers. Photomicrographs of frozen cross-sections of hairless mouse skin before (**a**), directly after disruption with acetone (**b**) and tape-stripping (**c**) are shown. The lipophilic fluorescent dye Nile Red stains for nonpolar lipids. The KOH expanded corneocytes can easily be distinguished. Alkali expanded safranin stained cross-sections of mouse epidermis are depicted in *panels***d** (untreated), **e** (acetone-treated) and **f** (tape-stripped). The corneocyte layers on 20 different locations were counted and the mean + SD is presented in *panel***g**

After acetone treatment, the lipid composition in the applied swab and the remaining epidermis was explored. Lipid analysis of tape-stripped skin was not possible, as the remaining tissue was too fragile for processing. The lipid analysis of the acetone-treated epidermis by HPTLC is shown in Fig. [2](#Fig2){ref-type="fig"}a. The lipid extracts of the untreated (lane 1) and acetone-treated epidermis (lane 2) showed very similar lipid distribution: the nonpolar skin surface lipids, i.e., sterol esters and triglycerides, are the predominant lipid classes. Some lipids were removed by acetone as the cotton swab extract consists mainly of nonpolar lipids (lane 3). Around 30% of the total lipids (w/w) were extracted as determined gravimetrically. Importantly, no changes in the composition of the barrier lipids, cholesterol, free fatty acids and ceramides could be detected by the HPTLC technique when comparing acetone-treated compared to untreated epidermis (comparison of lanes 1 and 2). This observation contrasts previous studies reporting that barrier lipids were extracted by acetone-soaked cotton balls in substantial amounts \[[@CR6], [@CR8]\]. This is of major importance as the barrier lipids play a crucial role for the SC permeability barrier \[[@CR3], [@CR4]\]. Now, the question rises whether the SC lipid organization was disturbed. The results obtained with SAXD on isolated mouse SC are depicted in Fig. [2](#Fig2){ref-type="fig"}b. The upper two patterns (i.e., control and acetone-treated site) showed similar diffraction patterns: a very weak first (*q* = 0.46/nm) and a clear second (*q* = 0.94/nm) and third order (*q* = 1.42/nm) of the long periodicity phase (LPP) with a repeat distance of 13.4 nm were discernable. The higher order reflections clearly indicated the presence of the LPP with and without acetone treatment. Therefore, a very similar lipid organization was observed prior to and after acetone treatment. This is in agreement with the presence of the remaining barrier lipids in a similar composition after acetone treatment because the lipid composition is the determining factor for the lipid phase behavior. However, the increased TEWL clearly indicates a perturbed barrier that can not be explained by the absence of the characteristic lamellar phase or by lipid extraction. Evidently, it might be attributed to a large extent to the removal of corneocytes. Compared to tape-stripped skin, the acetone-treated site showed a similar TEWL value and also a (slightly) reduced amount of SC layers (Fig. [1](#Fig1){ref-type="fig"}g). The residual loss in the barrier property was presumably due to a change in the lipids: during wiping, (barrier) lipids partially dissolve in acetone. As acetone evaporates rapidly, the dissolved lipids may rearrange by re-crystallization of the (barrier) lipids and lead to a possible formation of the LPP. The increased intensity of the first order (Fig. [2](#Fig2){ref-type="fig"}b, lowest pattern) could also be explained by this reformation of the LPP. We already demonstrated previously that the LPP can be formed after evaporation of solvents with distinct sample history, i.e., shear stresses and temperature \[[@CR15]\].Fig. 2Only little changes in lipid composition and organization after barrier disruption with acetone. A HPTLC of lipid extracts from untreated mouse epidermis (*lane 1*), acetone-treated epidermis (*lane 2*) and lipids extracted by the acetone swab (*lane 3*) are depicted in *panel***a**. The amount of lipids applied per lane, represent a skin surface of 10 mm^2^. *Legend on the left* indicates the *R*~f~-values of different compounds. *SE/WE* sterol esters/wax esters, *TG* triglycerides, *CHOL* cholesterol, *FFA* free fatty acids, *CER* ceramides, *acyl-GSL* acyl-glycosphingolipids, *PE* phosphoethanolamine. The scattered intensity (arbitrary units) is plotted as function of scattering vector (*q*) in *panel***b**. SC sheets of two donors (*upper* two and *lower* two patterns) before (untreated) and after acetone treatment were directly mounted into the X-ray beam. The *roman numerals* indicate the various orders of the LPP: first order (*I*) located at *q* = 0.46/nm (*d* = 13.7 nm), second order (*II*) at *q* = 0.94/nm (*d* = 6.7 nm) and third order (*III*) at *q* = 1.42/nm (*d* = 4.4 nm)

In comparison with previous studies, the following differences were found concerning acetone treatment: (1) Virtually all Nile Red staining from the nonpolar lipids of SC was reported to be removed \[[@CR8]\], while our confocal images showed a homogeneous distribution of this fluorescent probe within the SC (Fig. [1](#Fig1){ref-type="fig"}a, b). (2) No removal of SC layers up to a TEWL of 40 g/m^2^/h was observed \[[@CR11], [@CR18]\], whereas we detected a significant reduced amount of SC layers at a TEWL of 60 g/m^2^/h (Fig. [1](#Fig1){ref-type="fig"}g). (3) The removal of the bulk lipids from the SC was shown to correlate directly with the degree of barrier perturbation \[[@CR6], [@CR8]\], whereas in this study only little extraction of the lipids was observed (Fig. [2](#Fig2){ref-type="fig"}a). (4) A decrease in intercellular lamellae and consequently a lipid disorganization was reported \[[@CR18]\], while we could not detect changes in lipid organization by SAXD, which is a bulk method (Fig. [2](#Fig2){ref-type="fig"}b). The difference in the outcome can hardly be due to the barrier disruption method, as only a slight variation exists in the application method (differences in cotton swabs and cotton balls). However, the different results show that a clear definition of 'gently wiping' is of importance since also the mechanical wiping has influence on the skin barrier as there is a risk of removing corneocytes.

When comparing the acetone-induced barrier disruption with tape-stripping, as methods for studying long-term effects after topical application of pharmaceuticals, the tape-stripping offers several advantages: (1) A clear correlation between cells removed and increased TEWL could be observed and a long-term recovery can be achieved \[[@CR12]\]. (2) The number of tape-strips can be defined beforehand, which is advantageous for the degree of barrier disruption under practical conditions. (3) Although different levels of acetone-induced barrier perturbation have been established \[[@CR8]\], no long-term recovery was reported.

Although the acetone-induced barrier disruption might not be the most appropriate method to study barrier recovery after topical application, its suitability for other mechanistic investigations, e.g., the epidermal lipid synthesis during barrier homeostasis \[[@CR5]\] or the response of lamellar bodies upon barrier disruption \[[@CR10]\] is indisputable. However, this short communication provides discussion points, which need to be considered when using the acetone-induced barrier disruption method. We found evidence that the loss in barrier function is mainly due to the removal of corneocytes, whereas changes in lipid composition and organization only play a minor role. Importantly, the ratio of the barrier lipids remained similar between control and acetone-treated skin. This provides also a basis for the explanation of the undisrupted lipid organization after acetone treatment. However, our study strongly indicates that due to evaporation of the solvent, barrier lipids might re-crystallize in the same structure, i.e., the LPP, as prior to the acetone treatment.

In conclusion, acetone treatment predominantly extracts nonpolar lipids, while the ratio of barrier lipids and the lipid organization remain similar. The removal of the corneocyte layers mainly accounts for the barrier disruption as was also observed for tape-stripping. In future, the tape-stripping method will be employed to investigate beneficial effects of topical applications on barrier recovery.
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